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Abstract: We have investigated the use of nanopillar 
structures on high indium content InGaN amber multiple 
quantum well (MQW) samples to enhance the emission effi-
ciency. A significant emission enhancement was observed 
which can be attributed to the enhancement of internal 
quantum efficiency and light extraction efficiency. The 
size-dependent strain relaxation effect was characterized 
by photoluminescence, Raman spectroscopy and time-
resolved photoluminescence measurements. In addition, 
the light extraction efficiency of different MQW samples 
was studied by finite-different time-domain simulations. 
Compared to the as-grown sample, the nanopillar amber 
MQW sample with a diameter of 300 nm has demonstrated 
an emission enhancement by a factor of 23.8.
Keywords: InGaN MQWs; nanopillar; QCSE; strain relaxa-
tion; light extraction.
1   Introduction
In the past few decades, research in III-nitride com-
pound semiconductors has achieved outstanding break-
throughs, leading to the commercialization of InGaN 
multiple quantum well (MQW)-based blue light-emit-
ting diodes (LEDs) [1–4]. InGaN MQW-based LEDs are 
capable of emitting in the full visible spectral range by 
adjusting the indium content. Extremely high external 
quantum efficiency (EQE) larger than 80% has already 
been achieved on blue LEDs [5]. Meanwhile, the EQE of 
longer-wavelength LEDs (green, yellow, red) is still rela-
tively lower than for blue devices. For longer-wavelength 
LEDs with high indium content, the internal quantum effi-
ciency (IQE) is mainly limited by the large spontaneous 
polarization and piezoelectric polarization induced by the 
large compressive strain in MQWs, leading to the spatial 
separation of electrons and holes, known as the quantum 
confined Stark effect (QCSE) [6–10]. Thus, increasing the 
indium incorporation into InGaN growth will increase 
the internal strain, which results in a lower IQE and more 
severe QCSE. It is also known that high-crystal-quality 
InGaN with large indium content is difficult to grow, 
owing to the large lattice mismatch and low-temperature 
growth of MQWs (below 700°C) [11].
Recently, research in applying different strain com-
pensation techniques in the growth processes has been 
investigated in order to suppress internal strain in InGaN 
MQWs [12, 13]. As a post-growth method, the fabrication of 
nanostructures on LEDs is acknowledged as an effective 
way to relieve internal stain in MQWs thanks to their small 
hetero-interfacial areas. It could also enhance the light 
extraction efficiency (LEE) due to increased surface scat-
tering and diffraction from the nanostructures [14–16]. In 
the present work, we use nanopillar structures on InGaN 
amber MQWs with an emission peak at 637 nm to enhance 
the emission efficiency. Nanopillars of various sizes were 
fabricated on amber MQW samples via e-beam lithography 
and a top-down dry etching method. The size-dependent 
internal strain relaxation and emission intensity of nano-
pillar MQWs have been studied.
2   Sample preparation
InGaN amber MQW samples were grown via metal-organic 
vapor phase epitaxy (MOVPE) in a single-wafer horizontal 
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reactor system with a microflow channel at 100 kPa. Using 
this special microflow channel MOVPE [17], the growth 
temperature of InGaN MQWs can be raised to 740°C, 
which leads to an improved IQE performance. A tensile-
strained AlN layer and AlGaN layers were introduced as 
barrier layers in the growth process in order to compen-
sate for the compressive strain in the InGaN layer. The 
epitaxial structure consisted of a 4-μm-thick un-doped 
GaN layer grown on a (0001) c-plain sapphire substrate, 
a 30-nm-thick n-GaN layer, and a two-period 2.2-nm-thick 
In0.33Ga0.67N MQW layer with the combination of 1.8-nm-
thick AlN interlayers and 24-nm-thick (Al)GaN barrier 
layers, as illustrated in Figure 1A. MQW and AlN inter-
layers were grown at 740°C, and GaN and AlGaN barrier 
layers were grown at 850°C. The higher growth tempera-
ture for barrier layers can improve the crystalline quality 
of MQWs [18].
To fabricate the nanopillar structure, a 110  nm SiO2 
layer was first deposited as an interlayer on the amber 
MQW sample by plasma-enhanced chemical vapor deposi-
tion. Then a positive e-beam resist (PMMA) layer was spun 
on the SiO2 surface. By using e-beam lithography with a 
subsequent development process, the designed pattern 
was transformed to the PMMA layer. A 30-nm-thick hard 
mask material (chromium) layer was then deposited on 
the PMMA layer by e-beam evaporation. Followed by a lift-
off process in remover 1165 solution, patterned chromium 
was formed. A dry etching process was applied to transfer 
the pattern from chromium to SiO2 by reactive-ion etching 
with a gas mixture of SF6/O2. The amber MQW sample 
was further etched down to the u-GaN layer by induc-
tively coupled plasma (ICP) etching with a gas mixture 
of Cl2/Ar/BCl3. Finally, the residual SiO2 was removed by 
buffer oxide etchant and the sample was treated in KOH 
solution to cure the ICP-induced etching damages on the 
structure sidewall. Nanopillar structures were obtained 
with the designed pattern as illustrated in Figure 1B.
A batch of six nanopillar arrays, samples NP70  nm, 
NP100  nm, NP300  nm, NP500  nm, NP700  nm and 
NP900  nm, were fabricated with a structure size (cross-
sectional diameter of the nanopillar) of 70  nm, 100  nm, 
300  nm, 500  nm, 700  nm and 900  nm, respectively. All 
the nanopillar structures were in hexagonal arrangement 
and the pitch/diameter ratio was fixed to 1.73. In addi-
tion, a structure height of 450  nm was achieved in the 
ICP etching process for all the samples. Figure 1C shows 
a bird-view scanning electron microscope (SEM) image of 
the sample NP300 nm as an example of fabricated nano-
pillar structures.
3   Experiments and results
Photoluminescence (PL) measurements were performed 
at room temperature to characterize the emission proper-
ties of different nanopillar samples and a plain as-grown 
sample as reference. A 405 nm laser was used as the optical 
excitation source and the signal was collected by an optical 
spectrometer (Instrument System CAS140, München, 
Germany), both of which were integrated to a microscope 
system. Both the excitation and collection were conducted 
from the top surface of the samples, and the excitation 
power density was 13.2 W/cm2. The surface reflection of the 
excitation laser beam has been taken into account and the 
PL spectra are shown in Figure 2A. It is seen that the plain 
amber MQW sample has an emission peak at 637 nm and 
all the nanopillar samples demonstrate a significant emis-
sion enhancement. When the nanopillar size decreases 
from 900  nm to 70  nm, the emission intensity increases 
first and then decreases. The largest emission enhance-
ment of 23.8 times is obtained on the sample NP300 nm. 
The observed emission enhancement can be attributed to 
two possible reasons: one is the enhanced IQE thanks to 
the strain relaxation in MQWs and alleviated QCSE, while 
the other is enhanced LEE because of the enhanced surface 
scattering and diffraction of the nanopillar structures.
Besides the emission enhancement, one can also 
see that all the nanopillar samples demonstrate a blue 
shift of the emission peak wavelength. The emission 
peak wavelength shifts toward shorter wavelength with 
decreased nanopillar size; meanwhile, the full width at 
half maximum (FWHM) of the emission peaks decreases, 
which is shown in Figure 2B. It is known that the large 
compressive strain in the MQW layer caused by the lattice 
u-GaNu-GaN (4 µm)
n-GaN (30 nm)
2QWs
(InGaN/AlN/GaN/Al0.12Ga0.88N/GaN)
c-plane Sapphirec-plane Sapphire
A B C
Figure 1: Schematic views of (A) the as-grown InGaN-based MQW structure and (B) the fabricated nanopillar structure, and (C) a bird-view 
SEM image of nanopillar MQWs (sample NP300 nm).
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mismatch can be released by the fabrication of the nano-
pillar [14–16]; therefore, the strain-induced piezoelectric 
polarization could be reduced, which leads to an increased 
wavefunction overlap of electrons and holes. This results 
in an enhanced radiative recombination rate and IQE. The 
smaller nanopillar size corresponds to a larger blue shift 
of the emission peak which suggests a larger strain relaxa-
tion. In addition, the decrease of FWHM is attributed to 
the reduction of potential tilt in the MQWs thanks to the 
strain relaxation [19].
To further consolidate the strain relaxation effects, 
Raman scattering spectra of different samples were 
acquired at room temperature by using a DXRxi Raman 
imaging microscope system (Thermo Scientific, Waltham, 
MA, USA). The excitation source was a 633 nm laser beam 
focused to a spot size of 1.2 μm with 8 mW power. Raman 
spectra of the samples are shown in Figure 3, in which the 
E2 (high) phonon mode is used to represent the in-plane 
stress in the MQW layer. One can observe that the E2(H) 
phonon mode shifts toward lower wavenumbers when 
the nanopillar size decreases. The Raman shifts of the 
test samples can be given by ωE2(H) = ω0 + Cσ, where ω0 is 
the Raman shifts for stress-free GaN (568.0 cm−1), C is the 
biaxial strain coefficient (−2.25 cm−1/GPa for GaN), and σ is 
the in-plane compressive stress [20–22].
The E2(H) phonon mode of different samples were iden-
tified from the Raman spectra and the corresponding in-
plane compressive stresses σ were deduced and are listed 
in Table 1. It is shown that in-plane stress can be released 
in nanopillar samples compared to the plain sample, and 
a larger strain relaxation occurs in a smaller nanopillar 
sample. The largest strain relaxation of about 48.6% (from 
−2.76 GPa to −1.42 GPa) is obtained on the NP70 nm sample. 
This result affirms that strain relaxation has taken place in 
the nanopillar MQW samples and the smaller nanopillar 
structure leads to a larger strain relaxation which is in good 
agreement with the blue shift of the PL emission peak.
Time-resolved photoluminescence (TR-PL) measure-
ments were performed using a time-correlated single 
photon counting system and a 375  nm pulsed laser with 
a pulse width of 44 ps as an excitation source (PicoQuant, 
Berlin, Germany). The excitation power density was 
0.66  W/cm2. The TR-PL decay curves were acquired at room 
temperature for all the samples, and the results are shown 
in Figure 4. A standard two-exponential-component model 
was used to study the decay dynamics, and the decay 
Figure 2: (A) PL spectra of different nanopillar samples and plain reference sample. The spectra are obtained under identical measurement 
conditions and the surface reflection of excitation laser beam has been taken into account. (B) Emission peak wavelength and FWHM of PL 
spectra as a function of the nanopillar size.
Figure 3: Raman spectra of the E2(H) phonon mode of different 
nanopillar samples.
Table 1: Raman shifts for the E2(H) phonon mode and in-plane com-
pressive stress σ of different nanopillar samples.
Nanopillar 
size (nm)
  70   100   300   500   700   900   Plain
ωE2(H) (cm−1)   571.2   571.4   571.5   571.9   572.1   572.3   574.2
σ (GPa)   −1.42   −1.51   −1.56   −1.73   −1.82   −1.91   −2.76
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curves can be described by I(t) = A1exp( − t/τ1) + A2exp( − t/
τ2) [23], where I(t) is the PL intensity as a function of time, 
A1 and A2 are constants, and τ1 and τ2 represent fast and 
slow decay lifetime, respectively. The fast decay lifetime 
corresponds to the rapid carrier recombination in MQWs, 
which is determined by both radiative and non-radiative 
recombination processes [24]. The fitted curves are also 
demonstrated in Figure 4, which shows that the fast decay 
lifetime τ1 of all the nanopillar samples is longer than that 
of the plain sample. The much longer τ1 indicates that the 
non-radiative recombination process has been suppressed 
significantly because of the large strain relaxation [25]. It is 
also seen that τ1 becomes longer with decreased nanopillar 
size, which suggests an increased radiative recombination 
rate and thus a larger IQE enhancement for a smaller nano-
pillar structure.
From these results, one can see that the larger strain 
relaxation in MQWs does not necessarily lead to a larger 
emission enhancement. It is because the EQE enhance-
ment of the MQW sample depends not only on its IQE 
enhancement but also on the LEE enhancement. To inves-
tigate the light transmission behavior through nanopillar 
structures of different sizes, a finite-different time-domain 
(FDTD, Lumerical Solutions, Vancouver, Canada) simula-
tion was applied. A plane-wave excitation source from the 
substrate side was used and the size-dependent light prop-
agation of nanopillar and plain samples were examined; 
the calculated transmittance spectra are shown in Figure 
5. It is noted that the light transmittance is not equivalent 
to the total LEE of MQWs; however, the main LEE enhance-
ment contribution of such a nanopillar MQW structure 
is achieved in the vertical direction [20]. Therefore, it is 
believed that the light transmittance behavior can give a 
good suggestion of the change of LEE. For the amber MQW 
samples, a high light transmittance is desired at its emis-
sion peak wavelength. The calculated transmittance of 
the samples at each corresponding emission wavelength 
is 0.833, 0.844, 0.993, 0.926, 0.918, 0.878 and 0.828 for the 
samples with increased nanopillar size (from NP70 nm to 
plain), respectively. In Figure 5, one can see that the local 
maximum of the light transmittance shifts toward shorter 
wavelength when the nanopillar size decreases. Sample 
Figure 4: TR-PL decay curves for different samples acquired at room 
temperature.
The solid lines are the fitting results from the two-exponential-
component model.
Figure 5: Calculated light transmittance spectra of different MQW 
samples; cyan region represents the range of emission wavelength 
(570–637 nm).
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NP300  nm and NP500  nm have their local maximum of 
the light transmittance fallen in the emission wavelength 
range of the amber MQW samples (cyan area: 570–637 nm). 
These results are consilient with the PL results where the 
NP300  nm and NP500  nm samples show the first and 
second largest emission enhancement, respectively.
Besides the IQE and LEE, several other factors would 
also affect the emission intensity of the nanopillar 
samples. The nanopillar structures were fabricated by the 
top-down etching method which reduces the volume of 
the active region and then leads to a decreased emission 
intensity. For the fixed pitch/diameter ratio of 1.73 and 
the fixed structure height, the same filling factor (emis-
sion volume ratio of the nanopillar to plain sample) value 
of 0.302 is obtained for all the nanopillar samples, which 
suggests an about 70% decrease of the emission volume.
It is known that the surface damage as a non-radi-
ative recombination channel was usually introduced 
during the dry etching process and the density of surface 
damage depends on the total surface area of the nanopil-
lar sidewall [26]. The structure density of the nanopillar 
and the sidewall surface area (which is normalized to the 
one of the NP900  nm sample) have been calculated for 
all the samples and are listed in Table 2. It is noted that 
the nanopillar density increases when the nanopillar size 
decreases. Meanwhile, the total surface area of the nano-
pillar sidewall also increases. It increases dramatically 
when the nanopillar size is smaller than 300  nm, while 
the surface area of the NP70 nm sample is about 12 times 
larger than that of the NP900  nm sample. Such a large 
surface area for small nanopillar samples could lead to a 
more severe surface damage and limit the IQE enhance-
ment. Therefore, it is worth mentioning that a surface pas-
sivation process, as we applied in this work, is essential 
to cure the surface damage and suppress the related non-
radiative recombination process [19, 27, 28].
4   Conclusions
In summary, we have fabricated nanopillar structures 
for InGaN amber MQWs via e-beam lithography and the 
dry etching process. Nanopillar samples have differ-
ent sizes (70–900  nm), and the size-dependent emis-
sion properties were studied. Compared to the as-grown 
sample, nanopillar samples demonstrate a significant 
emission enhancement which could be attributed to 
several reasons. One is the enhanced IQE owing to the 
strain relaxation of nanopillar structures. It is found that 
a larger strain relaxation occurs in a nanopillar sample 
with a smaller size, and this was confirmed by both blue 
shift of the PL emission peak and the downshift of the 
E2(H) mode in the Raman spectra. TR-PL result indicates 
that a larger strain relaxation could lead to an increased 
radiative recombination rate. In addition, FDTD simu-
lation has demonstrated that the light transmittance 
depends on the nanopillar size. A coincidence of the 
emission peak wavelength and local maximum of light 
transmittance (such as the NP300  nm and NP500  nm 
samples) could suggest a high LEE. Furthermore, the 
influence of the filling factor and surface damage of the 
nanopillar samples on the emission intensity has also 
been discussed. One can see that applying nanopillar 
structures is an effective approach to enhance the emis-
sion efficiency of a high indium content InGaN MQW 
sample. By carefully designing the nanopillar size, an 
emission enhancement of 23.8 times has been achieved 
on the amber MQW sample in this work.
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